Abstract. Among all global ecosystems, tropical savannas are the most severely and extensively affected by anthropogenic burning. Frequency of fire in cerrado, a type of tropical savanna covering 25% of Brazil, is 2 to 4 years. In 1992 we measured soil fluxes of NO, N20, CH4, and CO2 from cerrado sites that had been burned within the previous 2 days, 30 days, 1 year, and from a control site last burned in 1976. NO and N20 fluxes responded dramatically to fire with the highest fluxes observed from newly burned soils after addition of water. Emissions of N-trace gases after burning were of similar magnitude to estimated emissions during combustion. NO fluxes immediately after burning are among the highest observed for any ecosystem studied to date. These rates declined with time after burning and had returned to control levels 1 year after the burn. An assessment of our data suggested that tropical savanna, burned or unburned, is a major source of NO to the troposphere. Cerrado appeared to be a minor source of N20 and a sink for atmospheric CH 4. Burning also elevated CO2 fluxes, which remained detectably elevated 1 year later.
open tropical grassland to savanna (campo limpio) to cerrad•o, a closed canopy semideciduous forest. Five distinct plant communities are recognized [ Goodland, 1971; Coutinho, 1982] . The gradient of cerrado vegetation has been hypothesized to follow gradients in soil fertility and fire use. Fire is very common in grasslands and savannas but is a rare occurrence in the mature closed canopy cerrad•o forests [ Goodland, 1971 ] . Fuel characteristics and direct fire emissions rates have been reported for cerrado by Ward et al. [ 1992] . This paper reports the first measurements of trace gas fluxes from cerrado soils and the effects of burning on changing flux rates, and also assesses the importance of fire disturbance of tropical savanna on the global budget of trace gases.
Methods

Study Site
Our study was conducted within the research and ecological reserve operated by the Instituto Braseleiro de Geografia e Estatfstica (IBGE), located 20 km south of Brasilia, District Federal (15ø55'58"S,47ø51'02"W). The climate is tropical (K6ppen's Aw) with mean annual precipitation of 1100-1600 mm. This area of the tropics is characterized by distinct wet (October to March) and dry (April to September) seasons with 90% of the precipitation falling in the wet season. The mean relative humidity is 64%, but it can be as low as 18% during the driest peri•ods. The annual mean maximum temperature is 25øC and the annual mean minimum temperature 16øC (climate data courtesy of the Reserva Eco16gica, IBGE, 1980 IBGE, -1989 . Soils are dystrophic, deep, and well-drained red latisols.
Current research at IBGE has been carried out in three experimental sites with different physiognomic forms: cerrad•o, closed canopy semideciduous forest; cerrado, a dense scrub of shrubs and trees (in a strict sense), and campo sujo, a grassland with scattered shrubs [ Goodland, 1971 ]. Plots are burned every 4 years (in August), or every 2 years (in either June, August, or September). Long-term control plots have not burned since 1976. Plot size ranges from 1 to 5 ha. The overall design includes 37 plots.
The work we report on here was done during late August of 1992. Burning was carried out by the Reserva Eco16gica-IBGE technicians in conjunction with Universidade de Brasflia staff. Fires were usually started at 1400 LT. Fires spread quickly and typically were completed within 30 min.
We measured fluxes of NO, N20, CH4, and CO2 from c•l tado -"--'---' '-s•tes that naa oeen burned the previous 2 WI[IllII days. We also made measurements on plots 30 days and 1 year after burning and from long-term control plots that have remained unburned since 1976. Although we made measurements at replicate plots, all of these are within the Reserva Ecol6gica-IBGE.
Plant Biomass and Fuel Consumption
To partially characterize the fire at these sites, we measured total fuel consumption during the fire by determining the plant biomass before and after burning. On the basis of previous prescribed fire experiments, we have defined fuel for the cerrado simply as the living or dead parts of the vegetation found from the soil surface to a height of 2 m. Tree trunks and stems with a diameter greater than 6 mm are excluded. To estimate fuel, five transect lines of 15 m were established in each plot. For each transect, five subplots (25x25 cm) at 3-m intervals were used to sample the fuel. All fuel within the subplot was clipped at ground level, and together with the litter on the soil surface, taken to the laboratory. In the laboratory, fuel was separated into live and dead grasses, leaves, and stems. The fuel was dried at 80øC for 48 hours, allowed to cool, and weighed. For higher shrubs and trees, the fuel was sampled in a subplot 1-m wide, 5-m long, and 2-m high in the middle of each transect. After the fire, a similar transect was used to collect and estimate the amount of unburned fuel.
Flux Measurements
Fluxes of NO, N20, CH4, and CO2 were measured L was used in order to increase sensitivity. Because we made measurements during the dry season, soils were relatively dry. After measuring trace gas flux rates of dry soils, we added distilled water equivalent to a 1-cm rainfall. After 30 min, gas flux measurements were repeated. We sampled a new plot each day.
Inhibitors and Soil Amendments
To assess the roles of different microbial communities in producing the observed fluxes of trace gases, we employed two nitrification inhibitors' acetylene and allylthiourea (ATU). Acetylene was added to the flux box to a concentration of 1% and allowed to react with the soil for 1 hour. The flux cover was then removed and gas allowed to disperse for 10 min. This was to done to eliminate acetylene interference with NO measurements and Soils in the unburned plots might have been substrate limited for NO or N20 production. To test for this, unburned soils were amended with 10-mM-N ammonium chloride or potassium nitrate solutions equivalent to 1 cm of rainfall 1 hour prior to initial measurements.
Analysis of Carbon Dioxide
Immediately upon setting the flux chamber on its frame, CO2 was analyzed in sample air over a 3-min period using a LiCor 6200 photosynthesis system with integrated infrared gas analyzer and data system. (All manufacturer and brand names are used for information only. No endorsement is intended.) The instrument was modified by removing the cuvette and substituting the flux box cover system described above as the input source. Standard errors for CO2 fluxes using this system were <1% of the rates measured.
Analysis of Nitric Oxide
Immediately following the 3-min sampling period for CO2, the sample stream was switched to a system for analysis of NO, which was detected over an 8-min period using a Luminox, nitrogen dioxide (NO2)detector (Model LMA-3, Scintrex-Unisearch, Toronto, Canada) as described by Anderson and Poth [1989] . Sample air from the flux box, pumped at approximately 2.8 L min-1 by a Teflon bellows and a battery-operated pump, was dried by passage through nation tubing (Type 815, Dupont perfluorinated polymer, Perma Pure, Inc., Toms River, N.J.) packed in indicating silica gel. NO in the dried sample gas was converted to NO2 by passage through a tube (7.6 cm) containing 10% chromium trioxide on firebrick (30/60 mesh, Chromosorb P, Altech) before being pumped to a tee inlet on the LMA-3 NO2 detector, which then sampled the gas stream at the rate of 1.5 L min-1. A three-way valve, which switched flow of sample air from the converter tube to a blank tube, allowed measurement of either backeround NO, in samr)le air (foliowine oassaee throu•,h the blank tuhe• or NO 4-NO 2 (following naqqao• through the converter tube). The chromium trioxide/firebrick was replaced whenever we observed a decrease in converter efficiency during calibration. Calibrations and measurements of flow rates through the pumping system and the LMA-3 were performed at the beginning and at the end of each day of data collection. During calibration, the LMA-3 was zeroed with room air which was passed first through a column containing pellets of alumina coated with KMnO4 (Purafil, Southeastern Engineering Co., 
Analysis of CH4 and N20
For analysis of CH4 and N20, samples were taken through a septum on the top of the flux box every 20 min for 1 hour using 60-mL disposable plastic syringes with rubber plunger tips and fitted with three-way stopcocks. Samples were analyzed for N20 using a gas chromatograph (Hewlett Packard, model 5890, Palo Alto, Calif.) with electron capture detector and 10-port valve allowing backflushing of the column following each sample run. The detector temperature was 330øC, oven temperature was 50øC, the column was a 2-m porapak Q, and argon plus 5% methane was the carrier gas at a flow rate of 30 mL min-l. CH 4 in these samples was measured by gas Samples for analysis of percent moisture were taken as described above, stored for less than 30 min in whirl-pak bags, weighed, and dried to constant weight at 105øC. Percent moisture is reported as percent of dry weight.
Measured pH
A 1:1 soil water paste was prepared with glass-distilled water and allowed to stand for 1 hour. The soil was then stirred and the pH measured using a Beckman, model 71 pH meter with temperature compensation.
Soil and Air Temperatures
During each flux measurement, temperature was measured both within the flux box at approximately half height and in the soil at a depth of 2 cm. A National Institute of Standards and Technology (NIST)-calibrated thermometer equipped with thermistor probes was used.
Enumeration of Autotrophic Nitrifiers
Autotrophic nitrifler populations were estimated using a five-tube most probable number (MPN) procedure [Schmidt and Belser, 1982] . After inoculation, tubes were incubated at room temperature for 30 days. Positive tubes were those containing nitrate and/or nitrite, determined colorimetrically [Schmidt and Belser, 1982] .
Statistics
For measured variables, normal probability plots were used to assess the distribution of the data. To determine the relationships between measured soil parameters and trace gas fluxes, we used regression analysis and calculated Pearsons coefficient of determination and associated p values. Because of observed nonlinearity in probability plots and to be conservative in testing for differences between burn treatments and water amendments, we used the Kurskal-Wallis one-way analysis of variance, a nonparametric technique. All analyses were performed with the Systat (V.5.1) package for Macintosh computers [Wilkinson, 1989] .
Results
Plant Biomass and Fuel Consumption
The measured (all leaves and stems less than 6 mm) plant biomass plot averages in campo sujo and cerrado, in a 
Soil Chemical Responses to Fire
The fire had a dramatic effect on soil chemistry (Table  1) . Burning increased the concentration of extractable ammonium.
There was no clear effect of fire on soil 
CH4 and CO2 Fluxes
Cerrado that is unburned has no significant flux of CH4 (Figure 1 day and 1 month earlier were significantly higher than those from unburned control sites and were dramatically increased by the addition of water ( Figure 5 ). Soil N20 fluxes were significantly higher in burned plots than unburned plots but dropped back to unburned levels within 30 days. Both NO and N20 fluxes were significantly correlated with pH. Here, pH increases as a result of the ash deposited by burning. NO flux was also correlated with soil exchangeable NH4 + but uncorrelated with NO 3-and other soil chemical parameters ( Figure 6 and Table 2 ). NO flux and temperature were poorly correlated with a Q10 of about 3.8 (Figure 3 ). N20 fluxes were weakly but significantly correlated with soil total N ( Table 2 ). There were no significant changes in NO and N20 fluxes with the addition of NH4+ or NO3-. The nitrification inhibitors C2H2 and ATU also had no effect. [Schnitzer, 1982] . The net result of all of these factors combined may be a more persistent temporal effect on C mineralization. The effects of fire on C mineralization and CO2 flux were much more persistent that on NO flux that had returned to control levels 1 year after the fire. The difference may be due to the more persistent supply of C for mineralization and reestablishment of the plant community and a decrease in the availability of soil N.
NO flux in cerrado is correlated with NH4+ availability (Table 2) as in other wildland and agricultural ecosystems [Papen et al., 1993; Sanhueza et al., 1990; Shepherd et al., 1991 ] ; yet, addition of NH4+ did not significantly increase NO flux rates at the unburned site. Our MPN determinations isolated chemoautotrophic nitriflers from cerrado soils. The substrate for chemoautrophic nitrifiers is ammonia rather than ammonium ion. This is a result of the specificity of the ammonia oxidizing enzyme for ammonia [Suzuki et al., 1974] and the much better transport of ammonia rather than ammonium into bacterial cells [Kleiner, 1985] . The stimulation of NO fluxes at the burned site may be due to the key combination of increased soil NH4 +, providing substrate, and increased soil pH. The result is greater NH3 uptake by nitrifiers and more nitrification and associated trace gas production. Figure 5a , at the newly burned site were assumed to last for 14 days and fluxes at the month-old burn for 30 days. Wet and dry rates from unburned cerrado were used for the remainder of the wet and dry seasons, respectively. The total NO emission observed is high relative to fluxes from other ecosystems ( Table 3 ). The calculation of regional and ecosystem emissions is very problematic [Keller and Goldstein, 1994] : to compare the relative importance of direct fire emissions with subsequent biogenic emissions from soil, we extended our results to all tropical savanna. On the basis of this tentative extension of our data, post-fire soil emissions of NO (3.9 Tg y-l) nearly equal direct emissions during fire (4.4 Tg yl, Table 3 • This study (see text). (Table  3) . Emissions of NO from tropical systems appear to be much greater than from temperate ecosystems, agroecosystems, and boreal ecosystems.
In summary, we have provided some of the first information on the flux of trace gases from tropical savanna soils in Brazil.
An assessment of our data suggests that tropical savanna, burned or unburned, is a major source of NO to the troposphere. Cerrado appears to be a minor source of N20 and a sink for atmospheric CH4.
Burning also elevated CO2 fluxes, which remained detectably elevated 1 year later. It is clear that fire is important in regulating the exchange of trace gases between cerrado soils and the atmosphere.
